Liquid desiccant air conditioning (LDAC) has emerged as an attractive technology for improving indoor air quality and thermal comfort. Regeneration of liquid desiccants is critical to sustain the process efficiency of LDAC. This study explores membrane distillation (MD) for regeneration of lithium chloride (LiCl) desiccant solution commonly used in LDAC. The results demonstrate the viability of MD for LiCl regeneration. The MD process at the feed temperature of 65 °C could increase the LiCl concentration up to 29 wt.% without any observable LiCl loss. Given the high concentration of the LiCl solution feed, unlike traditional desalination applications, the impact of concentration polarisation on the process water flux was significant. Indeed, the calculated water flux obtained by excluding the concentration polarisation effect was more than twice the experimentally measured water flux from a concentrated LiCl solution (>20 wt.%). The regeneration process can be optimised in terms of regeneration capacity (ΔC) and specific thermal energy consumption (α) by regulating several operating conditions, including LiCl concentration, feed temperature, and circulation cross flow velocity. Increasing feed temperature and circulation cross flow velocity was beneficial to the process efficiency, enhancing water flux and ΔC while reducing α. On the other hand, increasing LiCl concentration resulted in a linear decrease in both water flux and ΔC, but an increase in α following a hyperbolic function. 
Introduction

35
Ongoing economic and environmental concerns together with the demand for thermal comfort 36 have resulted in significant innovation in the air conditioning industry. Amongst the current 37 technologies for improving indoor thermal comfort and air quality, liquid desiccant air 38 conditioning (LDAC) has emerged as an attractive option in terms of humidity control and 39 energy consumption [1] [2] [3] . LDAC can offer improved humidity control with significant energy 40 savings particularly in applications where latent loads (moisture) are very high relative to sensible 41 loads [1, 2] . Examples include hot and humid climates as well as applications in commercial 42 buildings that require low indoor humidity to avoid condensation on glass doors and building 43 envelopes. 44 LDAC can simultaneously regulate the humidity and temperature of air by removing moisture 45 using a liquid desiccant solution. The latent load of the process air is controlled by the absorption 46 rate of moisture to the liquid desiccant. The liquid desiccant solution can then be reconcentrated 47 (i.e. regenerated) by removing excess water using a desalination process, most commonly thermal 48 evaporation. When thermal evaporation is used, heat is the primary energy input to the LDAC 49 process. Thus, electricity consumption by LDAC is only one-fourth of that of a vapour-50 compression air conditioning system for the same cooling output [2] . As a result, where waste 51 heat (i.e. recovered from engines or industrial processes) or solar thermal energy are readily 52 available, LDAC can be much more energy efficient compared to conventional air conditioning 53 methods which are based on vapour-compression technology [3, 4] . 54
Liquid desiccant regeneration is a critical step in LDAC. Given their very high solubility in 55 water, LiCl and LiBr have been widely used as desiccating agents for LDAC [4, 5] . The 56 solubilities of LiCl and LiBr in water at 25 °C are 45.4 and 60.7 wt.%, respectively. The 57 dehumidification efficiency of LDAC using these solutions is strongly affected by salt 58 concentration and solution temperature. In general, a more concentrated liquid desiccant solution 59 at a lower temperature produces a higher moisture absorption rate [1, 6] . When the liquid 60 desiccant flows along a dehumidifier, it absorbs moisture from the air, resulting in a slight 61 dilution. Thus, it is necessary to reconcentrate the weak (i.e. diluted) liquid desiccant before the 62 next dehumidification cycle. Unlike desalination processes for drinking water production, the 63 regeneration of a liquid desiccant involves the removal of only a small volume of water but from 64 an extremely saline feed solution. It is also noteworthy that the regeneration of liquid desiccant 65 solution accounts for over 75% of the total energy consumption of LDAC [3] . Therefore, 66 optimising the regeneration step is crucial to the overall energy consumption of LDAC. 67
In Only water in vapour form can be transported through the membrane; thus, MD can theoretically 90 offer complete salt rejection [18, 20] . Therefore, desiccant loss due to carryover during liquid 91 desiccant regeneration using MD is expected to be negligible. In addition, unlike the conventional 92 thermal evaporation process, MD can be operated at a lower feed temperature (from 40 to 80 °C) 93 that is more compatible with low-grade waste heat and solar thermal [18, 20] . 94 Unlike a typical desalination process for clean water production, MD regeneration of liquid 95 desiccant encounters an extremely concentrated feed solution. Thus, in addition to the 96 temperature polarisation effect, concentration polarisation is expected to be significant in the MD 97 process for liquid desiccant regeneration. In MD, the water vapour pressure gradient induced by 98 the temperature difference across the membrane is the driving force for the transport of water 99 vapour. Temperature polarisation effect renders the temperature difference between the feed and 100 the distillate membrane surfaces smaller than that between the bulk feed and distillate streams, 101 thus reducing the actual driving force and hence water flux of the MD process [21, 22] . Similarly, 102 due to the concentration polarisation effect, salt concentration at the feed membrane surface can 103 be higher than in the bulk solution, thus reducing water activity and hence water vapour pressure. 
Materials and methods
117
Materials 118
A lab-scale direct contact membrane distillation (DCMD) system was used. The system ( 
Analytical methods 143
The electrical conductivity of the distillate was measured using an Orion 4-Star Plus 144 pH/conductivity meter (Thermo Scientific, Waltham, Massachusetts, USA). The distillate LiCl 145 concentration (i.e. in ppm) was then calculated from the distillate electrical conductivity (i.e. in 146 µS/cm) using the conversion coefficient of 0.64. The feed LiCl concentration was calculated 147 based on the initial LiCl concentration (i.e. 20 wt.%) and the recorded weight of the feed solution 148
with the assumption that the MD process provided a complete salt rejection. 149
Experimental protocols 150
Process characterisation experiments 151
Milli-Q water was first used as the feed to characterise the process and to quantify the 152 temperature polarisation effect. Milli-Q water feed at temperature of 55, 60, and 65 °C was 153 introduced to the feed channel at a volumetric flow rate of 0.5, 0.75, and 1.0 L/min (i.e. 154 equivalent to a cross flow velocity of 0.03, 0.045, 0.06 m/s, respectively). The distillate at a 155 constant temperature of 25 °C was circulated though the distillate channel at the same flow rate to 156 the feed. Water flux of the process at each set of operating conditions was measured for 1 hour 157 after the attainment of stable operation. 158
LiCl solution regeneration by MD 159
MD of the LiCl solution feed was tested to assess the significance of concentration 160 polarisation effect, and to elucidate the influence of operating conditions on water flux, 161 regeneration capacity, and specific thermal energy consumption of the process. The operating 162 conditions were as described above. During the experiments, water flux and the distillate 163 electrical conductivity were regularly measured. 164
Mass transfer coefficient of the MD system 165
Water flux of DCMD is proportional to the water vapour pressure difference between two 166 sides of the membrane, and is expressed as [20] : 167 
where x water and a water are the water molar fraction and water activity, and P 0 is the vapour 182 pressure (Pa) of pure water in the feed and distillate streams. The process water flux and mass transfer coefficient (K m ) were first experimentally 213 determined using Eqs. (2-4) and Milli-Q water as the feed solution (Fig. 2) . As can be seen in 214
Eqs. (2-4) (section 2.4), the temperature polarisation effect was embedded in the experimentally 215 determined K m value. Because Milli-Q water was used as the feed solution, the concentration 216 polarisation effect could be excluded. The temperature polarisation effect can be assessed by 217 comparing K m values at different feed solution temperatures and hydraulic conditions at the 218 membrane surface (presented by the circulation cross flow velocity). As expected, the 219 temperature polarisation effect was more severe at high feed temperature, reflected by a decrease 220 in K m as feed temperature increased from 55 to 65 °C (Fig. 2B) Of a particular note, the MD process demonstrated an excellent separation efficiency and a 281 negligible LiCl leakage (i.e. LiCl loss into the distillate) (Fig. 4) . Indeed, during the first 240 282 mins of the experiment at feed temperature of 60 °C, LiCl remained undetectable in the distillate 283 and a complete LiCl rejection was achieved despite the increased feed LiCl concentration ( when the feed temperature increased from 55 to 65 °C (Fig. 3) . Elevating feed temperature also 296 increased the 'workability' of the MD process with LiCl solution. As demonstrated in Fig. 3 , the 297 process at feed temperature of 55 °C could only concentrate the LiCl solution up to 25 wt.%, 298 whereas a LiCl concentration of 29% could be achieved in the process at feed temperature of 65 299 °C. Feed temperature also strongly affected the regeneration capacity and thermal energy 300 consumption of the process. This will be further discussed in the next section. 301
Regeneration capacity and energy consumption 302
Both regeneration capacity and thermal efficiency are crucial process performance parameters 303 for MD regeneration of liquid desiccants. The regeneration capacity of the MD process with LiCl 304 solution was evaluated using the increase in LiCl concentration between the inlet and the outlet of 305 the feed channel (∆C). On the other hand, thermal efficiency of the MD process was assessed 306 using the specific thermal energy consumption (α). 307
Feed temperature strongly affected the regeneration capacity and thermal efficiency during 308 the MD regeneration of LiCl solution. Increasing feed temperature exponentially raised the 309 driving force for water vapour transfer from the LiCl solution to the distillate, thus boosting both 310 water flux and ∆C. Indeed, similar to water flux, ∆C was almost doubled when feed temperature 311 increased from 55 to 65 °C (Fig. 5) . Increasing feed temperature was also beneficial to the 312 process with respect to α. Elevating feed temperature resulted in increase in both ∆C and the 313 thermal energy input of system (Eq. 7). However, ∆C increased at a higher rate compared to the 314 thermal energy input with increased feed temperature, thus leading to decrease in α (Fig. 6 ). Unlike feed temperature, increasing feed concentration resulted in a linear reduction in ∆C 320 (Fig. 5) . The increase in LiCl concentration in the feed also led to an increase in α following a 321 hyperbolical function (Fig. 6) . As expressed in Eq. 6, ∆C was dependent on both feed 322 concentration (C feed ) and the distillate flow rate (F distillate ) at a constant feed flow rate. An increase 323 in C feed resulted in a decrease in F distillate at a higher rate (Fig. 3) . As a result, ∆C linearly 324 decreased with increased C feed . In contrast, increasing C feed slightly reduced the specific heat 325 capacity (C p ) of the feed solution, thus resulting in a small reduction in the thermal energy input. 326
The rate of thermal energy input reduction was much smaller than that of ∆C. As a result, α 327 increased as a hyperbolical function of C feed . The increase in α at below the defection point of the 328 hyperbola was small (Fig. 6 ). On the other hand, beyond the deflection point, α increased sharply 329 as LiCl concentration continued increasing (Fig. 6) . Results in Fig. 6 suggest that LDAC should 330 be operated at LiCl concentration below the defection point of the hyperbola. In other words, the 331 maximum LiCl concentrations at feed temperatures of 55, 60, and 65 °C are approximately 23, 332 25, and 27 wt.%, respectively. The maximum LiCl concentration could be increased by operating 333 the process at a higher feed temperature and thus alleviating the negative influence of increased 334 feed concentration on α (Fig. 6 ). concentration polarisation effects, thus resulting in higher ∆C (Fig. 7) . Increasing circulation 345 cross flow velocity also raised the thermal energy input of the system similarly to increasing feed 346 temperature (Eq. 7); however, the increase rate of thermal energy input was smaller than that of 347 ∆C. As a result, α was reduced for the process at a higher circulation cross flow velocity (Fig. 7) . 
